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prolongation of life. Most of the cells which con¬ 
stitute the body, after a period of growth and activity, 
sometimes more, sometimes less prolonged, eventually 
undergo atrophy and cease to perform satisfactorily 
the functions u'hich are allotted to them. And when 
we consider the body as a whole, we find that in every 
case the life of the aggregate consists of a definite 
cycle of changes which, after passing through the 
stages of growth and maturity, always leads to 
senescence, and finally terminates in death. The only 
exception is in the reproductive cells, in which the 
processes of maturation and fertilisation result in 
rejuvenescence, so that instead of the usual down¬ 
ward change towards senescence, the fertilised ovum 
obtains a new lease of life, which is carried on into 
the new-formed organism. The latter again itself 
ultimately forms reproductive cells, and thus the life 
of the species is continued. It is only in the sense of 
its propagation in this way from one generation to 
another that we can speak of the indefinite continu¬ 
ance of life : we can only be immortal through our 
descendants 1 

Average Duration of Life and Possibility of its 
Prolongation. 

The individuals of every species of animal appear 
to have an average duration of existence. 28 Some 
species are known the individuals of which live only 
for a few hours, whilst others survive for a hundred 
years. 22 In man himself the average length of life 
would probably be greater than the three-score and 
ten years allotted to him by the Psalmist if we could 
eliminate the results of disease and accident; when 
these results are included it falls far short of that 
period. If the terms of life given in the purely mytho¬ 
logical part of the Old Testament were credible, man 
would in the early stages of his history have pos¬ 
sessed a remarkable power of resisting age and dis¬ 
ease. But, although many here present were brought 
up to believe in their literal veracity, such records 
are no longer accepted even by the most orthodox of 
theologians, and the nine hundred odd years with 
which Adam and his immediate descendants are 
credited, culminating in the nine hundred and sixty- 
nine of Methuselah, have been relegated, with the 
accounted of Creation and the Deluge, to their proper 
position in literature. When we come to the Hebrew 
patriarchs, we notice a considerable diminution to have 
taken place in what the insurance offices term the 
" expectation of life.” Abraham is described as 
having lived only to 175 years, Joseph and Joshua to 
no, Moses to 120; even at that age “his eye was 
not dim nor his natural force abated.” We cannot 
say that under ideal conditions all these terms are 
impossible; indeed, Metchnikoff is disposed to regard 
them as probable; for great ages are still occasionally 
recorded, although it is doubtful if any as considerable 
as these are ever substantiated. That the expecta¬ 
tion of life was better then than now would be inferred 
from the apologetic tone adopted by Jacob when 
questioned by Pharaoh as to his age: “The days of 
the years of my pilgrimage are a hundred and thirty 
years; few and evil have the days of the years of my 
life been, and have not attained unto the day's of the 
y.ears of the life of my fathers in the days of their 
pilgrimage.” David, to whom, before the advent of 
the modern statistician, we owe the idea that seventy 
years is to be regarded as the normal period of life, 30 

28 This was regarded by Buffon as related to the period of growth, hut 
the ratio is certainly not constant. The subject is discussed by Ray 
Lankester in an early work: “ On Comparative Longevity in Man and 
Animals,” 1870. 

29 The approximate regular periods of longevity of different species of 
animals furnishes a strong argument against the theory that the decay of old 
age is an accidental phenomenon, comparable with disease. 

The expectation of life of a healthy man of fifty is still reckoned at 
about twenty years. 
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is himself merely stated to have “died in a good 
old age.” The periods recorded for the Kings show 
a considerable falling-off as compared with the 
Patriarchs; but not a few were cut off by violent 
deaths, and many' lived lives which were not ideal. 
Amongst eminent Greeks and Romans few "very long 
lives are recorded, and the same is true of historical 
persons in mediaeval and modern history'. It is a long 
life that lasts much beyond eighty; three such linked 
together carry us far back into history. Mankind is 
in this respect more favoured than most mammals, 
although a few of these surpass the period of man’s 
existence. 31 Strange that the brevity of human life 
should be a favourite theme of preacher and poet 
when the actual term of his “ erring pilgrimage ” is 
greater than that of most of his fellow creatures! 

The End of Life. 

The modern applications of the principles of pre¬ 
ventive medicine and hygiene are no doubt operating 
to lengthen the average life. But even if the ravages 
of disease could be altogether eliminated, it is certain 
that at any rate the fixed cells of our body must 
eventually grow old and ultimately cease to function; 
when this happens to cells which are essential to the 
life of the organism, general death must result. This 
will always remain the universal law, from which 
there is no escape. “ All that lives must die, passing 
through nature to eternity.” 

Such natural death unaccelerated by disease—is not 
death bv disease as unnatural as death by accident?— 
should be a quiet, painless phenomenon, unattended 
by violent change. As Dastre expresses it, “The 
need of death should appear at the end of life, just 
as the need of sleep appears at the end of the day.” 
The change has been led gradually up to by an 
orderly succession of phases, and is itself the last 
manifestation of life. Were we all certain of a quiet 
passing—were we sure that there would be "no 
moaning of the bar when we go out to sea ”—we 
could anticipate the coming of death after a ripe old 
age without apprehension. And if ever the time shall 
arrive when man will have learned to regard this 
change as a simple physiological process, as natural 
as the oncoming of sleep, the approach of the fata! 
shears will be as generally welcomed as it is now 
abhorred. Such a day is still distant; we can scarcely 
say' that its dawming is visible. Let us at least hope 
that, in the manner depicted by Diirer in his well- 
known etching, the sunshine whicii science irradiates 
may eventually put to flight the melancholy which 
hovers, bat-like, over the termination of our lives, 
and which even the anticipation of a future happier 
existence has not hitherto succeeded in dispersing. 


SECTION A. 

MATHEMATICS AND PHYSICS, 

Opening Address by Prof. H. L. Callendar, LL.D., 
F.R.S., President of the Section. 

My first duty on taking the chair is to say a few 
words in commemoration of the distinguished 
members whom we have lost since the last meeting. 

George Chrystal, Professor of Mathematics in the 
University of Edinburgh for more than thirty years, 
officiated as President of this section in the year 1885, 
and took a prominent part in the advancement of 
science as secretary' of the Royal Society of Edinburgh 
since 1901. Of his brilliant mathematical work and 
his ability in dec'eloping the school at Edinburgh, I 
am not competent to speak, but I well remember as a 
student his admirable article on “ Electricity and 

J { 1 “Hominis aevum cseterorum animalium^ omnium superat prseter ad- 
modum paucorum.”— Francis Bacon, “Historia vitaeet mortis/’ 1637. 
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Magnetism ” contributed to the “ Encyclopaedia 
Britannica,” which formed at that time the ground¬ 
work of our studies at Cambridge under Sir j. J. 
Thomson. It would be difficult to find a more com¬ 
plete and concise statement of the mathematical 
theory at the time when that article was written. 
One can well understand the value of such a teacher, 
and sympathise with his university in the loss they 
have sustained. 

John Brown, F.R.S., who acted as local secretary 
for the Association at Belfast in 1902, will be remem¬ 
bered for his work on the Volta contact effect between 
metals, which he showed to be in the main dependent 
on chemical action, and to be .profoundly affected by 
the nature of the gas or other medium in which the 
plates were immersed. Although the theory of this 
difficult subject may not yet be completely elucidated, 
there can be little doubt that his work takes the first 
rank on the experimental side. 

William Sutherland, D.Sc., who at one time acted 
as Professor of Physics at Melbourne, is best known 
for his familiar papers on the subject of molecular 
physics in The Philosophical Magazine. His work 
was always remarkable for its wide range and bold¬ 
ness of imagination. Many of his hypotheses cannot 
yet be weighed in the balance of experiment, but some 
have already been substantiated. For instance, his 
theory of the variation of viscosity of gases with 
temperature has been generally accepted, and results 
are now commonly expressed in terms of Sutherland’s 
constant. 

Osborne Reynolds, the first Professor of Engineer¬ 
ing at Owens College, was President of Section G 
in 1887, but belongs almost as much to mathematics 
and physics, in which his achievements are equally 
memorable. It would be scarcely -possible for me to 
enumerate his important contributions to the science 
of engineering, which will be more fittingly com¬ 
memorated elsewhere. His mastery of mathematical 
and physical methods, while contributing greatly to 
his success as a pioneer in the engineering laboratory, 
enabled him to attack the most difficult problems in 
physics, such as the theory of the radiometer and the 
thermal transpiration of gases. His determination 
of the mechanical equivalent of heat is a most striking 
example of accurate physical measurement carried out 
on an engineering scale. His last great work, on the 
"Submechanics of the Universe,” is so original in its 
ideas and methods that its value cannot yet be fully 
appreciated. While it differs so radically from our 
preconceived ideas that it fails to carry immediate 
conviction, it undoubtedly represents possibilities of 
truth which subsequent workers in the same field 
cannot afford to ignore. 

The present year has been one of remarkable 
activity in the world of mathematical and physical 
science if we may measure activity by the number 
and importance of scientific gatherings like the present 
for the interchange of ideas and the general advance¬ 
ment of science. The celebration of the 250th anni¬ 
versary of the foundation of the Royal Society brought 
to our shores a number of distinguished delegates 
from all parts of the world, to promote the ever¬ 
growing fellowship among men of science which is 
one of the surest guarantees of international progress. 
The Congress of Universities of the Empire brought 
other guests from distant British dominions, and con¬ 
sidered, as one of the principal points in its pro¬ 
gramme, the provision of facilities for the interchange 
of students between different universities, vTiich will 
doubtless prove particularlv advantageous to the 
scientific student in the higher branches of re¬ 
search. In the special branches of knowledge more 
particularlv associated with this section, the Inter¬ 
national Congress of Mathematics at Cambridge, 
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while it affords to Cambridge men like myself a most 
gratifying recognition of our alma mater as one of 
the leading schools of mathematics in the world, has 
given us the opportunity of meeting here a number of 
distinguished foreign mathematicians whose presence 
and personality cannot be otherwise than inspiring to 
our proceedings, and will compensate for any 
deficiency in our own mathematical programme. The 
Optical Convention held this year in London, by the 
importance of the papers contributed for discussion, 
and bv its admirable exhibition of British instruments, 
has revealed the extent of our optical industry and 
talent, and has done much to dispel the impression, 
fostered by an unfortunate trade regulation, that the 
majority of optical instruments were “ made else¬ 
where.” The Radio-Telegraphic Conference, held 
under the auspices of the British Government, has 
formulated recommendations for regulating and ex¬ 
tending the application of the discoveries of modern 
physics for saving life and property at sea. The work 
of this Conference will be fittingly supplemented on 
the scientific side by the discussion on wireless tele¬ 
graphy which has been arranged to take place in this 
section in conjunction with Section G. 

It would be impossible, even if it were not out of 
place, for me to attempt to review in detail the im¬ 
portant work of these congresses, a full account of 
which will shortly be available in their several reports 
of proceedings now in course of publication. In the 
present age of specialisation and rapid publication it 
would be equally impossible to give any connected 
account in the time at my disposal of recent develop¬ 
ments in those branches of science which come within 
the range of our section. The appropriate alterna¬ 
tive, adopted by the majority of my predecessors in 
this chair, is to select some theory or idea, sufficiently 
fundamental to be of general interest, and to discuss 
it in the light of recent experimental evidence. It may 
sometimes be advantageous to take stock of our funda¬ 
mental notions in this way, and to endeavour to deter¬ 
mine how far they rest on direct experiment, and how- 
far thev are merely developments of some dynamical 
analogy, which may represent the results of experi¬ 
ment up to a certain point, but may lead to erroneous 
conclusions if pushed too far. With this object I 
propose to consider on the present occasion some of 
our fundamental ideas with regard to the nature of 
heat, and in particular to suggest that we might with 
advantage import into our modern theory some of the 
ideas of the old caloric or material theory which has 
for so long a time been forgotten and discredited. In 
so doing I may appear to many of you to be taking a 
retrograde step, because the caloric theory is generally 
represented as being fundamentally opposed to the 
kinetic theory and to the law of the conservation of 
energy. I would, therefore, remark at the outset that 
this is not necessarily the case, provided that the 
theorv is rightlv interpreted and applied in accordance 
with experiment. Mistakes have been made on both 
theories, but the method commonly adopted of select¬ 
ing- all the mistakes made in the application of the 
caloric theory and contrasting them with the correct 
deductions from the kinetic theory has created an 
erroneous impression that there is something funda- 
mentallv wrong about the caloric theory, and that it is 
in the nature of things incapable of correctly repre¬ 
senting the facts. I shall endeavour to show that this 
fictitious antagonism between the two theories is with¬ 
out real foundation. They should rather be regarded 
as different ways of describing the same pheno¬ 
mena. Neither is complete without the other. The 
kinetic theorv is generally preferable for elementary 
exposition, and has come to be almost exclusively 
adopted for this purpose; but in many cases the 
caloric theory would have the advantage of empbasis- 
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ing at the outset the importance of fundamental facts 
which are too often obscured in the prevailing method 
of treatment. 

'The explanation of the development of heat by fric¬ 
tion was one of the earliest difficulties encountered by 
the caloric theory. One explanation, maintained by 
Cavendish and others, was simply that caloric was 
generated de novo by friction in much the same way 
as electricity. Another explanation, more commonly 
adopted, was that the fragments of solid, abraded in 
such operations as boring cannon, had a smaller 
capacity for heat than the original material. Caloric 
already existing in the substance was regarded as 
being squeezed or ground out of it without any fresh 
caloric being actually generated. The probability of 
the second explanation was negatived by the celebrated 
experiments of Rumford and Davy, who concluded 
that friction did not diminish the capacities of bodies 
for heat, and that it could not be a material substance 
because the supply obtainable by friction appeared to be 
inexhaustible. Rumford also showed that no increase 
of weight in a body when heated could be detected by 
the most delicate apparatus available in his time. 
Caloric evidently did not possess to any marked 
extent the properties of an ordinary ponderable fluid; 
but, if it had any real existence and was not merely 
a convenient mathematical fiction, it must be some¬ 
thing of the same nature as the electric fluids, which 
had already played so useful a part in the description 
of phenomena, although their actual existence as 
physical entities had not then been demonstrated. 
Heat, as Rumford and Dav} r maintained, might be 
merely a mode of motion or a vibration of the ultimate 
particles of matter, but the idea in this form was too 
vague to serve as a basis of measurement or calcula¬ 
tion. The simple conception of caloric, as a measur¬ 
able quantity of something, sufficed for many pur¬ 
poses, and led in the hands of Laplace and others to 
correct results for the ratio of the specific heats, the 
adiabatic equation of gases, and other fundamental 
points of theory, though many problems in the rela¬ 
tions of heat and work remained obscure. 

The greatest contribution of the caloric theory to 
thermodynamics was the production of Carnot’s im¬ 
mortal “ Reflections on the Motive Power of Heat.” 
It is one of the most remarkable illustrations of the 
undeserved discredit into which the caloric theory has 
fallen, that this work, the very foundation of modern 
thermodynamics, should still "be misrepresented, and 
its logic assailed, on the ground that much of the 
reasoning is expressed in the language of the caloric 
theory. In justice to Carnot, even at the risk of 
wearying you with an oft-told tale, I cannot refrain 
from taking this opportunity of reviewing the essential 
points of his reasoning, because it affords incidentally 
the best introduction to the conception of caloric, and 
explains how a quantity of caloric is to be measured. 

At the time when Carnot wrote, the industrial im¬ 
portance of the steam-engine was already established, 
and the economy gained by expansive working was 
generally appreciated. The air-engine, and a primi¬ 
tive form of the internal-combustion engine, had 
recently been invented. On account of the high value 
of the latent heat of steam, it was confidently expected 
that more work might be obtained from a given quan¬ 
tity of heat or fuel by employing some other working 
substance, such as alcohol or ether, in place of steam. 
Carnot set himself to investigate the conditions under 
which motive-power was obtainable from heat, how 
the efficiency was limited, and whether other agents 
were preferable to steam. These were questions of 
immediate practical importance to the engineer, but 
the answer which Carnot found embraces the whole 
range of science in its ever-widening scope. 

In discussing the production of work from heat it 
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is necessary, as Carnot points out, to consider a com¬ 
plete series or cycle of operations in which the work¬ 
ing substance, and all parts of the engine, are restored 
on completion of the cycle to their initial state. 
Nothing but heat, or its equivalent fuel, may be 
supplied to the engine. Otherwise part of the motive 
power obtained might be due, not to heat alone, but 
to some change in the working substance, or in the 
disposition of the mechanism. Carnot here assumes 
the fundamental axiom of the cycle, which he states 
as follows :—“ When a body has undergone any 
changes, and, after a certain number of transforma¬ 
tions, it is brought- back identically to its original state, 
considered relatively to density, temperature, and mode 
of aggregation, it must contain the same quantity of 
heat as it contained originally.'’ This does not limit 
the practical application of the theory, because ail 
machines repeat a regular series of operations, which 
may be reduced in theory to an equivalent cycle in 
which everything is restored to its initial state. 

The most essential feature of the working of all 
heat-engines, considered apart from details of 
mechanism, is the production of motive power by 
alternate expansion or contraction, or heating and 
cooling of the working substance. This necessitates 
the existence of a difference of temperature, produced 
by combustion or otherwise, between two bodies, such 
as the boiler and condenser of a steam-engine, which 
may be regarded as the source and sink of heat respec¬ 
tively. Wherever a difference of temperature exists, it 
may be made a source of motive-power, and con¬ 
versely, without difference of temperature, no motive- 
power can be obtained from heat by a cyclical or con¬ 
tinuous process. From this consideration Carnot 
deduces the simple and sufficient rule for obtaining 
the maximum effect:—“ In order to realise the maxi¬ 
mum effect, it is necessary that, in the process 
employed, there should not be any direct interchange 
of heat between bodies at sensibly different tempera¬ 
tures." Direct transference of heat between bodies 
at sensibly different temperatures would be equivalent 
to wasting a difference of temperature which might 
have been utilised for the production of motive-power. 
Equality of temperature is here assumed as the limit¬ 
ing condition of thermal equilibrium, such that an 
infinitesimal difference of temperature will suffice to 
determine the flow of heat in either direction. An 
engine satisfying Carnot’s rule will be reversible so far 
as the thermal operations are concerned. Carnot 
makes use of this property of reversibility in deducing 
his formal proof that an engine of this type possesses 
the maximum efficiency. If in the usual or direct 
method of working such an engine takes a quantity 
of heat Q from the source, rejects heat to the con¬ 
denser, and gives a balance of useful work W per 
cycle, when the engine is reversed and supplied with 
motive-power W per cycle it will in the limit take the 
same quantity of heat from the condenser as it pre¬ 
viously rejected, and return to the source the same 
quantity of heat Q as it took from it when working 
direct. All such engines must have the same 
efficiency (measured by the ratio \V/G of the work 
done to the heat taken from the source) whatever the 
working substance, provided that they work between 
the same temperature limits. For, if this were not 
the case, it would be theoretically possible, by em¬ 
ploying the most efficient to drive the least efficient 
reversible engine backwards, to restore to the source 
all the heat taken from it, and to obtain a balance 
of useful work without the consumption of fuel; a 
result sufficiently improbable to serve as the basis of 
a formal proof. Carnot thus deduces his famous 
principle, which he states as follows :—“ The motive 
power obtainable from heat is independent of the 
agents set at work to realise it. Its quantity is fixed 
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solely by the temperatures between which in the 
limit the transfer of heat takes place." 

Objection is commonly taken to Carnot's proof, on 
the ground that the combination which he imagines 
might produce a balance of useful work without in¬ 
fringing the principle of conservation of energy, or 
constituting what we now understand as perpetual 
motion of the ordinary kind in mechanics. It has 
become the fashion to introduce the conservation 
of energy in the course of the proof, and to make a 
final appeal to some additional axiom. Any proof of 
this kind must always be to some extent a matter of 
taste; but since Carnot’s principle cannot be deduced 
from the conservation of energy alone, it seems a 
pity to complicate the proof by appealing to it. For 
the particular object in view, the absurdity of a heat- 
engine working without fuel appears to afford the 
most appropriate improbability which could be in¬ 
voked. The final appeal must be to experiment in 
any case. At the present time the experimental 
verification of Carnot’s principle in its widest applica¬ 
tion so far outweighs the validity of any deductive 
proof, that we might well rest content with the logic 
that satisfied Carnot instead of confusing the issue 
by disputing his reasoning. 

Carnot himself proceeded to test his principle in 
every possible way by comparison with experiment so 
far as the scanty data available in his time would 
permit. He also made several important deductions 
from it, which were contrary to received opinion at 
the time, but have since been accurately verified. He 
appears to have worked out these results analytically 
in the first instance, as indicated by his footnotes, 
and to have translated his equations into words in 
the text for the benefit of his non-mathematical 
readers. In consequence of this, some of his most 
important conclusions appear to have been overlooked 
or attributed to others. Owing to want of exact 
knowledge of the properties of substances over ex¬ 
tended ranges of temperature, he was unable to apply 
his principle directly in the general form for any tem¬ 
perature limits. We still labour to a less extent under 
the same disability at the present day. He showed, 
however, that a great simplification was effected in its 
application by considering a cycle of infinitesimal 
range at any temperature t. In this simple case the 
principle is equivalent to the assertion that the work 
obtainable front a unit of heat per degree fall (or per 
degree range of the cycle) at a temperature t, is some 
function F't of the temperature (generally known as 
Carnot’s function), which must be the same for all 
substances at the same temperature. From the rough 
data then available for the properties of steam, 
alcohol, and air, he was able to calculate the numerical 
values of this function in kilogrammetres of work per 
kilocalorie of heat at various temperatures between o° 
and ioo° C., and to show that it was probably the 
same for different substances at the same temperature 
within the limits of experimental error. For the 
vapour of alcohol at its boiling-point, 78'^° C., he found 
the value F't = i' 230 kilogrammetres per kilocalorie per 
degree fall. For steam at the same temperature he 
found nearly the same value, namelv, F'f=r2i2. Thus 
no advantage in point of efficiency could be gained by 
employing the vapour of alcohol in place of steam. 
He was also able to show that the work obtainable 
from a kilocalorie per degree fall probablv diminished 
with rise of temperature, but his data were not 
sufficiently exact to indicate the law of the variation. 

The equation which Carnot employed in deducing 
the numerical values of his function from the experi¬ 
mental data for steam and alcohol is simply the direct 
expression of his principle as applied to a saturated 
vapour. It is now generally known as Clapeyron’s 
equation, because Carnot did not happen to give the 
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equation itself in algebraic form, although the prin¬ 
ciple and details of the calculation were most mirjutely 
and accurately described. In calculating the value of 
his function for air, Carnot made use of the known 
value of the difference of the specific heats at constant 
pressure and volume. He showed that this difference 
must be the same for equal volumes of all gases 
measured under the same temperature and pressure, 
whereas it had always previously been assumed that 
the ratio (not the difference) of the specific heats was 
the same for different gases. He also gave a general 
expression for the heat absorbed by a gas in expand¬ 
ing at constant temperature, and showed that it must 
bear a constant ratio to the work of expansion. 
These results were verified experimentally some years 
later, in part by Dulong, and more completely by 
Joule, but Carnot’s theoretical prediction has generally 
been overlooked, although it was of the greatest 
interest and importance. The reason of this neglect 
is probably to be found in the fact that Carnot’s ex¬ 
pressions contained the unknown function F'f of the 
temperature, the form of which could not be deduced 
without making some assumptions with regard to the 
nature of heat and the scale on which temperature 
should be measured. 

It was my privilege to discover a few years ago that 
Carnot himself had actually given the correct solu¬ 
tion of this fundamental problem in one of his most 
important footnotes, where it had lain buried and 
unnoticed for more than eighty years. He showed by 
a most direct application of the caloric theory that if 
temperature was measured on the scale of a perfect 
gas (which is now universally adopted) the value of 
his function F't on the caloric theory would be the 
same at all temperatures, and might be represented 
simply by a numerical constant A (our “ mechanical 
equivalent ”) depending on the units adopted for 
work and heat. In other words, the work W done 
by a quantity of caloric Q in a Carnot cycle of range 
T to T 0 on the gas scale would be represented by the 
simple equation : 

W = AQ(T —T (1 ). 

It is at once obvious that this solution, obtained 
by Carnot from the caloric theory, so far from being 
inconsistent with the mechanical theory of heat, is a 
direct statement of the law of conservation of energy 
as applied to the Carnot cycle. If the lower limit T 0 
of the cycle is taken at the absolute zero of the gas- 
thermometer, we observe that the maximum quantity 
of work obtainable from a quantity of caloric Q at a 
temperature T is simply AQT, which represents the 
absolute value of the energy carried by the caloric 
taken from the source at the temperature T. The 
energy of the caloric rejected at the temperature T 0 
is AQT 0 . The external work done is equal to the 
difference between the quantities of heat energy sup¬ 
plied and rejected in the cycle. 

The analogy which Carnot himself employed in the 
interpretation of this equation was the oft-quoted 
analogy of the waterfall. Caloric might be regarded 
as possessing motive-power or energy in virtue of 
elevation of temperature just as water may be said 
to possess motive-power in virtue of its head or pres¬ 
sure. The limit of motive-power obtainable by a 
reversible motor in either case would be directly pro¬ 
portional to the head or fall measured on a suitable 
scale. Caloric itself was not motive-power, but must 
be regarded simply as the vehicle or carrier of energy, 
the production of motive-power from caloric depending 
essentially (as Carnot puts it) not on the actual con¬ 
sumption of caloric, but on the fall of temperature 
available. The measure of a quantity of caloric is 
the work done per degree fall, which corresponds with 
the measure of a quantity of water by weight, i.e. in 
kilogrammetres per metre fall. 


© 1912 Nature Publishing Group 







September 5, 1912] 


NATURE 


2 3 


That Carnot did not pursue the analogy further, 
and deduce the whole mechanical theory of heat from 
the caloric theory, is scarcely to be wondered at if we 
remember that no applications of the energy principle 
had then been made in any department of physics. 
He appears, indeed, at a later date to have caught a 
glimpse of the general principle when he states that 

motive-power [his equivalent for work or energy] 
changes its form but is never annihilated.” It is 
clear from the posthumous notes of his projected ex¬ 
perimental work that he realised how much remained 
to be done on the experimental side, especially in rela¬ 
tion to the generation of caloric by friction, and the 
waste of motive-power by conduction of heat, which 
appeared to him (in 1824) “ almost inexplicable in the 
present state of the theory of heat.” 

One of the points which troubled him most in the 
application of the theoretical result that the work 
obtainable from a quantity of caloric was simply pro¬ 
portional to the fall of temperature available, was 
that it required that the specific heat of a perfect gas 
should be independent of the pressure. This was in¬ 
consistent with the general opinion prevalent at the 
time, and with one solitary experiment by Delaroche 
and Berard, which appeared to show that the specific 
heat of a gas diminished with increase of pressure, 
and which had been explained by Laplace as a natural 
consequence of the caloric theory. Carnot showed 
that this result did not necessarily follow' from the 
caloric theory, but the point was not finally decided 
in his favour until the experiments of Regnault, first 
published in 1852, established the correct values of 
the specific heat of gases, and proved that they were 
practically independent of the pressure. 

Another point which troubled Carnot was that, ac¬ 
cording to his calculations, the motive-power obtain¬ 
able from a kilocalorie of heat per degree fall appeared 
to diminish with rise of temperature, instead of 
remaining constant. This might have been due to 
experimental errors, since the data were most uncer¬ 
tain. But, if he had lived to carry out his projected 
experiments on the quantity of motive-power required 
to produce one unit of heat, and had obtained the 
result, 424 kilogrammetres per kilocalorie, subse¬ 
quently found by Joule, he could scarcely have failed 
to notice that this was the same (within the limits 
of experimental error) as the maximum work AQT 
obtainable from the kilocalorie according to his equa¬ 
tion. (This is seen to be the case when the values 
calculated by Carnot per degree fall at different tem¬ 
peratures were multiplied by the absolute temperature 
in each case. E.g. i'2i2 kilogrammetres per degree 
fall with steam at 79 0 C. or 352 0 Abs. i'2i2 x 352 = 426 
kilogrammetres.) The origin of the apparent dis¬ 
crepancy between theory and experiment lay in 
the tacit assumption that the quantity of 
caloric in a kilocalorie was the same at dif¬ 
ferent temperatures. There were no experiments 
at that time available to demonstrate that the caloric 
measure of heat as work per degree fall, implied in 
Carnot’s principle, or more explicitlv stated in his 
equation, was not the same as the calorimetric 
measure obtained by mixing substances at different 
temperatures. Even when the energy principle was 
established its exponents failed to perceive exactly 
where the discrepancy between the two theories lay. 
In reality both were correct, if fairly interpreted in 
accordance with experiment, but they depended on 
different methods of measuring a quantity of heat, 
which, so far from being inconsistent, were mutually 
complementary. 

The same misconception, in a more subtle and in¬ 
sidious form, is still prevalent in such common phrases 
as the following: “We now know that heat is a 
form of energy and not a material fluid.” The experi- 
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mental fact underlying this statement is that our 
ordinary methods of measuring quantities of heat in 
reality measure quantities of thermal energy. When 
two substances at different temperatures are mixed, 
the quantity remaining constant, provided that due 
allowance is made for external work done and for 
external loss of heat, is the total quantity of energy 
Heat is a form of energy merely because the thing we 
measure and call heat is really a quantity of energy. 
Apart from considerations of practical convenience, we 
might equally well have agreed to measure a quantity 
of heat in accordance with Carnot’s principle, by the 
external work done in a cycle per degree fall. Heat 
would then not be a form of energy, but would possess 
all the properties postulated for caloric. The caloric 
measure of heat follows directly from Carnot’s prin¬ 
ciple, just as the energy measure follows from the law 
of conservation of energy. But the term heat has 
become so closely associated with the energy measure 
that it is necessary to employ a different term, caloric, 
to denote the simple measure of a quantity of heat as 
opposed to a quantity of heat energy. The measure¬ 
ment of heat as caloric is precisely analogous to the 
measure of electricity as a quantity of electric fluid. 
In the case of electricity, the quantity measure is more 
familiar than the energy measure, because it is 
generally simpler to measure electricity by its chemical 
and magnetic effects as a quantity of fluid than as a 
quantity of energy. The units for which we pay by 
electric meter, however, are units of energy, because 
the energy supplied is the chief factor in determining 
the cost of production, although the actual quantity 
of fluid supplied has a good deal to do with the cost 
of distribution. Both methods of measurement are 
just as important in the theory of heat, and it seems 
a great pity that the natural measure of heat quantity 
is obscured in the elementary stages of exposition by 
regarding heat simply as so much energy. The in¬ 
adequacy of such treatment makes itself severely felt 
in the later stages. 

Since Carnot’s principle was adopted without 
material modification into the mechanical theory of 
heat, it was inevitable that Carnot’s caloric, and his 
solution for the work done in a finite cycle, should 
sooner or later be rediscovered. Caloric reappeared 
first as the “ thermodynamic function ” of Rankine, 
and as the “equivalence-value of a transformation” 
in the equations of Clausius; but it was regarded 
rather as the quotient of heat energy by temperature 
than as possessing any special physical significance. 
At a later date, when its importance was more fully 
recognised, Clausius gave it the name of entropy, and 
established the important property that its total quan¬ 
tity remained constant in reversible heat exchanges, 
but always increased in an irreversible process. Any 
process involving a decrease in the total quantity of 
entropy' was impossible. Equivalent propositions with 
regard to the possibility or impossibility of transforma¬ 
tions had previously been stated by Lord Kelvin in 
terms of the dissipation of available energy. But, 
since Carnot’s solution had been overlooked, no one at 
the time seems to have realised that entropy was 
simply Carnot’s caloric under another name, that heat 
could be measured otherwise than as energy, and that 
the increase of entropy in any irreversible process was 
the most appropriate measure of the quantity of heat 
generated. Energy so far as we know must always 
be associated with something of a material nature 
acting as carrier, and there is no reason to believe that 
heat energy is an exception to this rule. The tendency 
of the kinetic theory has always been to regard entropy 
as a purely abstract mathematical function, relating to 
the distribution of the energy, but having no physical 
existence. Thus it is not a quantity of anything in 
the kinetic theory of gases, but merely the logarithm 
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of the probability of an arrangement. In a similar 
wav, some twenty years ago the view was commonly 
held that electric phenomena were due merely to strains 
in the sether, and that the electric fluids had no exist¬ 
ence except as a convenient means of mathematical 
expression. Recent discoveries have enabled us to 
form a more concrete conception of a charge of elec¬ 
tricity, which has proved invaluable as a guide to 
research. Perhaps it is not too much to hope that it 
may be possible to attach a similar conception with 
advantage to caloric as the measure of a quantity of 
heat. 

It has generally been admitted in recent years that 
some independent measure of heat quantity as opposed 
to heat energy is required, but opinions have differed 
widely with regard to the adoption of entropy as the 
quantity factor of heat. Many of these objections 
have been felt rather than explicitly stated, and are 
therefore the more difficult to answer satisfactorily. 
Others arise from the difficulty of attaching any con¬ 
crete conception of a quantity of something to such a 
vague and shadowy mathematical function as entropy. 
The answer to the question “What is caloric?” must 
necessarily be of a somewhat speculative nature. But 
it is so necessary for the experimentalist to reason by 
analogy from the seen to the unseen, that almost any 
answer, however crude, is better than none at all. The 
difficulties experienced in regarding entropy as a 
measure of heat quantity are more of an academic 
nature, but may be usefully considered as a pre¬ 
liminary in attempting to answer the more funda¬ 
mental question. 

The first difficulty felt by the student in regarding 
caloric as the measure of heat quantitv is that when 
two portions of the same substance, such as water, 
at different temperatures are mixed, the quantity of 
caloric in the mixture is greater than the sum of the 
quantities in the separate portions. The same diffi¬ 
culty was encountered by Carnot from the opposite 
point of view. The two portions at different tempera¬ 
tures represented a possible source of motive-power. 
The question which he asked himself may be put as 
follows :—“ If the total quantity of caloric remained 
the same when the two portions at different tempera¬ 
tures were simply mixed, what had become of the 
motive-power wasted?” The answer is that caloric 
is generated, and that the quantity generated is such 
that its energy is the precise equivalent of the motive- 
power which might have been obtained if the transfer 
of heat had been effected by means of a perfect engine 
working without generation of caloric. The caloric 
generated in wasting a difference of temperature is the 
necessary and appropriate measure of the quantity of 
heat obtained by the degradation of available motive- 
power into the less available or transformable variety 
of heat energy. 

The processes by which caloric is generated in mixing 
substances at different temperatures, or in other cases 
where available motive-power is allowed to run to 
waste, are generally of so turbulent a character that 
the steps of the process cannot be followed, although 
the final result can be predicted under given conditions 
from the energy principle. Such processes could not 
be expected a priori to throw much light on the nature 
of caloric. The familiar process of conduction of 
heat through a body the parts of which are at different 
temperatures, while equally leading to the generation 
of a quantity of caloric equivalent to the motive-power 
wasted, affords better promise of elucidating the nature 
of caloric, owing to the comparative simplicity and 
regularity of the phenomena, which permit closer ex¬ 
perimental study. The earliest measurements of the 
relative conducting powers of the metals for heat and 
electricity showed that the ratio of the thermal to the 
electric conductivity was nearly the same for all the 
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pure metals, and suggested that, in this case, the 
carriers of heat and electricity were the same. Later 
and more accurate experiments showed that the ratio 
of the conductivities was net constant, but varied 
nearly as the absolute temperature. At first sight this 
might appear to suggest a radical difference between 
the two conductivities, but it results merely from the 
fact that heat is measured as energy in the definition 
of thermal conductivity, whereas electricity is measured 
as a quantity of fluid. If thermal conductivity were 
defined in terms of caloric or thermal fluid, the ratio 
of the two conductivities would be constant with 
respect to temperature almost, if not quite, within the 
limits of error of experiment. On the hypothesis that 
the carriers are the same for electricity and heat, and 
that the kinetic energy of each carrier Is the same as 
that of a gas molecule at the same temperature, it 
becomes possible, on the analogy of the kinetic theory 
of gases, to calculate the actual value of the ratio of 
the conductivities. The value thus found agrees closely 
in magnitude with that given by experiment, and may 
be regarded as confirming the view that the carriers 
are the same, although the hypotheses and analogies 
invoked are somewhat speculative. 

When the electrons or corpuscles of negative elec¬ 
tricity were discovered it was a natural step to identify 
them with the carriers of energy, and to imagine that 
a metal contained a large number of such corpuscles, 
moving in all directions, and colliding with each other 
and with the metallic atoms, like the molecules of a 
gas on the kinetic theory. If the mass of each carrier 
were 1/1700 of that of an atom of hydrogen, the 
velocity at o° C. would be about sixty miles a second, 
and would be of the right order of magnitude to 
account for the observed values of the conductivities of 
good conductors, on the assumption that the number 
of negative corpuscles was the same as the number 
of positive metallic atoms, and that the mean free path 
of each corpuscle was of the same order as the dis¬ 
tance between the atoms. The same hypothesis 
served to give a qualitative account of thermo-electric 
phenomena, such as the Peltier and Thomson effects, 
and of radiation and absorption of heat, though in a 
less satisfactory manner. When extended to give a 
consistent account of all the related phenomena, it 
would appear that the number of free corpuscles re¬ 
quired is too large to be reconciled, for instance, with 
the observed values of the specific heat, on the assump¬ 
tion that each corpuscle possesses energy of translation 
equal to that of a gas molecule at the same tem¬ 
perature. 

Sir J. J. Thomson has accordingly proposed and 
discussed another possible theory of metallic conduc¬ 
tion, in which the neutral electric doublets present in 
the metal are supposed to be continually interchanging 
corpuscles at a very high rate. Under ordinary condi¬ 
tion these interchanges take place indifferently in all 
directions, but under the action of an electric field 
the axes of the doublets are supposed to become more 
or less oriented, as in the Grotthus-chain hypothesis 
of electrolytic conduction, producing a general drift 
or current proportional to the field. This hypothesis, 
though fundamentally different from the preceding or 
more generally accepted view, appears to lead to prac¬ 
tically the same relations, and is in some ways pre¬ 
ferable, as suggesting possible explanations of diffi¬ 
culties encountered by the first theory in postulating so 
large a number of free negative corpuscles. On the 
other hand, the second theory reauires that each 
neutral doublet should be continually ejecting cor¬ 
puscles at the rate of about to 15 per second. There 
are probablv elements of truth in both theories, but, 
without insisting too much on the exact details of the 
process, we mav at least assert with some confidence 
that the corpuscles of caloric which constitute a cur- 
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rent of heat in a metal are very closely related to the 
corpuscles of electricity, and have an equal right to 
be regarded as constituting a material fluid possessing 
an objective physical existence. 

If 1 may be allowed to speculate a little on my own 
account (as we are all here together in holiday mood, 
and you will not take anything I may say too 
seriously), 1 should prefer to regard the molecules of 
caloric, not as being identical with the corpuscles of 
negative electricity, but as being neutral doublets 
formed by the union of a positive and negative cor¬ 
puscle, in much the same way as a molecule of 
hvdrogen is formed by the union of two atoms. 
Nothing smaller than a hydrogen atom has yet, so 
far as 1 know, been discovered with a positive charge. 
This may be merely a consequence of the limitations 
of our experimental methods, which compel us to 
employ metals to so large an extent as electrodes. 
In the symmetry of nature it is almost inconceivable 
that the positive corpuscle should not exist, if only as 
the other end of the Faraday-tube or vortex-filament 
representing a chemical bond. Prof. Bragg has 
identified the X or 7 rays with neutral corpuscles 
travelling at a high velocity, and has maintained this 
hypothesis with brilliant success against the older 
view that these rays are not separate entities, but 
merely thin, spreading pulses in the aether produced 
by the collisions of corpuscles with matter. 1 must 
leave him to summarise the evidence, but if neutral 
corpuscles exist, or can be generated in any way, it 
should certainly be much easier to detach a neutral 
corpuscle from a material atom or molecule than to 
detach a corpuscle with a negative charge from the 
positive atom with which it is associated. We should 
therefore expect neutral corpuscles to be of such ex- 
ceedinglv common and universal occurrence that their 
very existence might be overlooked, unless they hap¬ 
pened to be travelling at such exceptionally high 
velocities as are associated with the 7 rays. Accord¬ 
ing to the pulse theory, it is assumed that all y rays 
travel with the velocity of light, and that the enormous 
variations observed in their penetrative power depend 
simply on the thickness of the pulse transmitted. On 
the corpuscular theory, the penetrative power, like that 
of the a and rays, is a question of size, velocity, 
and electric charge. Particles carrying electric 
charges, like the a and 13 rays, lose energy in pro¬ 
ducing ions by their electric field, perhaps without 
actual collision. Neutral or y rays do not produce 
ions directly, but dislodge either 7 rays or fi rays from 
atoms by direct collisions, which are comparatively 
rare. The 13 rays alone, as C. T. R. Wilson’s photo¬ 
graphs show, are responsible for the ionisation. Per¬ 
sonally, I have long been a convert to Prof. Bragg’s 
views on the nature of X rays, but even if we regard 
the existence of neutral corpuscles as not yet definitelv 
proved, it is, I think, permissible to assume their 
existence for purposes of argument, in order to see 
whether the conception may not be useful in the inter¬ 
pretation of physical phenomena. 

If, for instance, we assume that the neutral cor¬ 
puscles or molecules of caloric exist in conductors and 
metallic bodies in a comparatively free state of solu¬ 
tion. and are readily dissociated into positive and 
negative electrons owing to the high specific inductive 
capacity of the medium, the whole theory of metallic 
conduction follows directly on the analogy of conduc¬ 
tion in electrolytic solutions. But, whereas in elec¬ 
trolytes the ions are material atoms moving through a 
viscous medium with comparatively low velocities, the 
ions in metallic conductors are electric corpuscles 
moving with high velocities more after the manner 
postulated in the kinetic theory of gases. It is easv 
to see that this theory will give similar numerical 
results to the electronic theory when similar assump- 
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tions are made in the course of the work. But it has 
the advantage of greater latitude in explaining the 
vagaries of sign of the Hall effect, and many other 
peculiarities in the variation of resistance and thermo¬ 
electric power with temperature. For good conductors, 
like the pure metals, we may suppose, on the electro¬ 
lytic analogy, that the dissociation is practically com¬ 
plete, SO that the ratio of the conductivities will 
approach the value calculated on the assumption that 
all the carriers of heat are also carriers of electricity. 
But in bad conductors the dissociation will be far 
from complete, and it is possible to see why, for 
instance, the electric resistance of cast-iron should be 
nearly ten times that of pure iron, although there is 
comparatively little difference in their thermal con¬ 
ductivities. The numerical magnitude of the thermo¬ 
electric effect, which is commonly quoted in explana¬ 
tion of the deviation of alloys from the electronic 
theory, is far too small to produce the required result; 
and there is little or no correspondence between the 
thermo-electric properties of the constituents of alloys 
and the variations of their electric conductivities. 

One of the oldest difficulties of the material theory 
of heat is to explain the process of the production of 
heat by friction. The application of the general prin¬ 
ciple of the conservation of energv leads to the 
undoubted conclusion that the thermal energy 
generated is the equivalent of the mechanical work 
spent in friction, but throws little or no light on the 
steps of the process, and gives no information with 
regard to the actual nature of the energy produced in 
the form of heat. It follows from the energy principle 
that the quantity of caloric generated in the process 
is such that its total energy at the final temperature 
is equal to the work spent. If a quantity of caloric 
represents so many neutral molecules of electricity, one 
cannot help asking where they came from, and how 
they were produced. It is certain that in most cases 
of friction, wherever slip occurs, some molecules are 
torn apart, and the work spent is represented in the 
first instance by the separation of electric ions. Some 
of these ions are permanently separated as frictional 
electricity, and can be made to perform useful work; 
but the majority recombine before they can be effec¬ 
tively separated, leaving only their equivalent in 
thermal energy. The recombination of two ions is 
generally regarded simply as reconstituting the 
original molecule at a high temperature, but in the 
light of recent discoveries we may perhaps go a step 
further. It is generally admitted that X or 7 rays are 
produced by the sudden stoppage of a charged corpuscle, 
and Lorentz, in his electron theory of radiation, has 
assumed that such is the case however low the velocity 
of the electron. A similar effect must occur in the 
sudden stoppage of a pair of ions rushing together 
under the influence of their mutual attraction. Rays 
produced in this way would be of an exceedingly soft 
or absorbable character, but they would not diner in 
kind from those produced by electrons except that 
their energy, not exceeding that of a pair of ions, 
would be too small to produce ionisation, so that they 
could not be detected in the usual way. If the X ravs 
are corpuscular in their nature, we cannot logically 
deny the corpuscular character even to the slowest 
moving rays. We know that X rays continually pro¬ 
duce other X ravs of lower velocity. The final stage 
is probably reached when the average energy of an 
X corpuscle or molecule of caloric is the same as that 
of a gas molecule at the same temperature, and the 
number of molecules of caloric generated is such that 
their total energy is equal to the work originally spent 
in friction. 

In this connection it is interesting to note that Sir 
J. J. Thomson, in a recent paper on ionisation by 
moving particles, has arrived, on other grounds, at 
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the conclusion that the character of the radiation 
emitted during the recombination of the ions will be 
a series of pulses, each pulse containing the same 
amount of energy and being of the same type as verv 
soft X rays. If the X rays are really corpuscular, 
these definite units or quanta of energy generated 
by the recombination of the ions bear a close 
resemblance to the hypothetical molecules of caloric. 

It may be objected that in many cases of friction, 
such as internal or viscous friction in a fluid, no 
electrification or ionisation is observable, and that the 
generation of caloric cannot in this case be attributed 
to the recombination of ions. It must, however, be 
remarked that the generation of a molecule of caloric 
requires less energy than the separation of two ions; 
that, just as the separation of two ions corresponds 
with the breaking of a chemical bond, so the genera¬ 
tion of one or more molecules of caloric may r corre¬ 
spond with the rupture of a physical bond, such as the 
separation of a molecule of vapour from a liquid or 
solid. The assumption of a molecular constitution 
for caloric follows almost of necessity from the mole¬ 
cular theories of matter and electricity, and is not 
inconsistent with any well-established experimental 
facts. On the contrary, the many relations which are 
known to exist between the specific heats of similar 
substances, and also between latent heats, would 
appear to lead naturally to a molecular theory of 
caloric. For instance, it has often been noticed "that 
the molecular latent heats of vaporisation of similar 
compounds at their boiling-points are proportional to 
the absolute temperature. It follows that the 
molecular latent caloric of vaporisation is the same 
for all such compounds, or that they require the same 
number of molecules of caloric to effect the same 
change of state, irrespective of the absolute tempera¬ 
tures of their boiling-points. From this point of view 
one may naturally regard the liquid and gaseous states 
as conjugate solutions of caloric in matter and matter 
in caloric respectively. The proportion of caloric to 
matter varies regularly with pressure and temperature, 
and there is a definite saturation limit of solubility at 
each temperature. 

One of the most difficult cases of the generation of 
caloric to follow in detail is that which occurs when¬ 
ever there is exchange of heat by radiation between 
bodies at different temperatures. ’ If radiation is an 
electro-magnetic wave-motion, we must suppose that 
there is some kind of electric oscillator or resonator 
in the constitution of a material molecule which is 
capable of responding to the electric oscillations. If 
the natural periods of the resonators correspond suffi¬ 
ciently closely with those of the incident radiation 
the amplitude of the vibration excited may be sufficient 
to cause the ejection of a corpuscle of caloric. It is 
generally admitted that the ejection of an electron 
may be brought about in this manner, but it would 
evidently require far less energy to produce the emis¬ 
sion of a neutral corpuscle, which ought therefore to 
be a much more common effect. On this view, the 
conversion of energy of radiation into energy of caloric 
is a discontinuous process taking place by definite 
molecular increments, but the absorption or" emission 
of radiation itself is a continuous process. Prof. 
Planck, bv a most_ ingenious argument based on the 
probability of the distribution of energy among a large 
number of similar electric oscillators fin which the 
entropy is taken as the logarithm of the probability, 
and the temperature as the rate of increase of energy 
per unit of entropy), has succeeded in deducing his 
well-known formula for the distribution of energy in 
full radiation at any temperature; and has recently, 
by a further extension of the same line of argument, 
arrived at the remarkable conclusion that, while the 
absorption of radiation is continuous, the emission of 
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radiation is discontinuous, occurring in discrete 
elements or quanta. Where an argument depends on 
so many intricate hypotheses and analogies the possible 
interpretations of the mathematical formulae are to 
some extent uncertain; but it would appear that Prof. 
Planck’s equations are not necessarily inconsistent with 
the view above expressed that both emission and 
absorption of radiation are continuous, and that his 
elementa quanta, the energy of which varies with their 
frequency, should rather be identified with the mole¬ 
cules of caloric, representing the conversion of the 
electro-magnetic energy of radiation into the form of 
heat, and possessing energy in proportion to their 
temperature. 

Among the difficulties felt, rather than explicitly 
stated, in regarding entropy or caloric as the measure 
of heat quantity is its awkward habit of becoming 
Infinite, according to the usual approximate formulae, 
at extremes of pressure or temperature. If caloric is 
to be regarded as the measure of heat quantity, the 
quantity existing in a finite body must be finite, and 
must vanish at the absolute zero of temperature. In 
reality there is no experimental foundation for any 
other conclusion. According to the usual gas formulas 
it would be possible to extract an infinite quantity of 
caloric from a finite quantity of gas by compressing 
it at constant temperature. It is true that (even if 
we assumed the law of gases to "hold up to infinite pres¬ 
sures, which is far from being the case) the quantity 
of caloric extracted would be of an infinitely low order 
of infinity as compared with the pressure required. 
But, as a matter of fact, experiment indicates that the 
quantity obtainable would be finite, although its exact 
value cannot be calculated owing to our ignorance of 
the properties of gases at infinite pressures. In a 
similar way, if we assume that the specific heat as 
ordinarily measured remains constant, or approaches a 
finite limit at the absolute zero of temperature, we 
should arrive at the conclusion that an infinite quantity 
of caloric would be required to raise the temperature 
of a finite body from o° to i° absolute. The tendency 
of recent experimental work on specific heats at low 
temperatures, by Tilden, Nernst, Lindemann, and 
others, is to show, on the contrary, that the specific 
heats of all substances tend to vanish as the absolute 
zero is approached, and that it is the specific capacity 
for caloric which approaches a finite limit. The theory 
of the variation of the specific heats of solids at low 
temperatures is one of the most vital problems in the 
theory of heat at the present time, and is engaging 
the attention of many active workers. Prof. Linde¬ 
mann, one of the leading exponents of this work, has 
kindly consented to open a discussion on the subject 
in our section. We are very fortunate to have suc¬ 
ceeded in securing so able an exponent, and shall await 
his exposition with the greatest interest. For the 
present I need only add that the obvious conclusion 
of the caloric theory bids fair to be completely 
justified. 

A most interesting question, which early presented 
itself to Rumford and other inquirers into the caloric 
theory of heat, was whether caloric possessed weight. 
While a positive answer to this question would be 
greatly in favour of a material theory, a negative 
answer, such as that found by Rumford, or quite 
recently by Profs. Poynting and Phillips, and by Mr. 
L. Southerns working independently, would not be 
conclusively against it. The latter observers found 
that the change in weight, if any, certainly d'd not 
exceed 1 in 10 s per i° C. If the mass of a molecule 
of caloric were the same as that generally attributed 
to an electron, the change of weight, in the cases 
tested, should have been of the order of i in io 7 per 
i° C., and should not have escaped detection. It is 
generally agreed, however, that the mass of the elec- 
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tron is entirely electro-magnetic. Any such statement 
virtually assumes a particular distribution of the 
electricity in a spherical electron of given size. But 
if electricity itself really consists of electrons, an 
argument of this type would appear to be so periectly 
circular that it is questionable how much weight 
should be attached to it. If the equivalent mass of an 
electron in motion arises slowly from the electro¬ 
magnetic field produced by its motion, a neutral cor¬ 
puscle of caloric should not possess mass or energy 
of translation as a whole, though it might still possess 
energy of vibration or rotation of its separate charges. 
For me purpose of mental imagery we might picture 
the electron as the free or broken end of a vortex 
filament, and the neutral corpuscle as a vortex ring 
produced when the positive and negative ends are 
united; but a mental picture of this kind does not 
carry us any further than the sphere coated with 
electricity, except in so far as either image may sug¬ 
gest points for experimental investigation. In our 
ignorance of the exact mechanism of gravity it is 
even conceivable that a particle of caloric might 
possess mass without possessing weight, though, with 
the possible exception of the electron, nothing of the 
kind has yet been demonstrated. In any case it would 
appear that the mass, if any, associated with a 
quantity of caloric must be so small that we could not 
hope to learn much about it by the direct use of the 
balance. 

The fundamental property of caloric, that its total 
quantity cannot be diminished by any known process 
and that it is not energy but merely the vehicle or 
carrier of energy, is most simply represented in 
thought by imagining it to consist of some in¬ 
destructible form of matter. The further property, 
that it is always generated in any turbulent or irre¬ 
versible process, appears at first sight to conflict with 
this idea, because it is difficult to see how anything 
indestructible can be so easily generated. When, 
however, we speak of caloric as being generated, what 
we really mean is that it becomes associated with a 
material body in such a way that we can observe and 
measure its quantity by the change of state produced. 
The caloric may have existed previously in a form 
in which its presence could not be detected. In the 
light of recent discoveries we might suppose the caloric 
generated to arise from the disintegration of the 
atoms of matter. No doubt some caloric is produced 
in this way, but those corpuscles that are so strongly 
held ns to be incapable of detection by ordinary physical 
methods require intense shocks to dislodge them. A 
more probable source of caloric is the aether, which, 
so far as we know, may consist entirely of neutral 
corpuscles of caloric. The hypothesis of a continuous 
aether has led to great difficulties in the electro¬ 
magnetic theory of light and in the kinetic theory of 
gases. A molecular, or cellular-vortex, structure 
appears to be required. According to the researches 
of Kelvin, Fitzgerald, and Hicks, such an aether can 
be devised to satisfy the requirements of the electro¬ 
magnetic theory without requiring it to possess a 
density many times greater than that of platinum. 
So far as the properties of caloric are concerned, a 
neutral pair of electrons would appear to constitute 
the simplest type of molecule, though without more 
exact knowledge of the ultimate nature of an electric 
charge it would be impossible to predict all its pro¬ 
perties. Whether an aether composed of such molecules 
would be competent to discharge satisfactorily all the 
onerous functions expected from it, may be" difficult 
to decide, but the inquiry, in its turn, would probably 
throw light on the ultimate structure of the molecule. 

Without venturing too far into the regions of meta¬ 
physical speculation, or reasoning in vicious circles 
about the nature of an electric charge, we may at least 
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assert with some degree of plausibility that material 
bodies under ordinary conditions probably contain a 
number of discrete physical entities, similar in kind 
to X rays or neutral corpuscles, which are capable of 
acting as carriers of energy, and of preserving the 
statical equilibrium between matter and radiation at 
any temperature in virtue of their interchanges with 
electrons. If we go a step further and identify these 
corpuscles with the molecules of caloric, we shall cer¬ 
tainly come in conflict with some of the fundamental 
dogmas of the kinetic theory, which tries to express 
everything in terms of energy, but the change involved 
is mainly one of point of view or expression. The ex¬ 
perimental facts remain the same, but we describe them 
differently. Caloric has a physical existence, instead 
of being merely the logarithm of the probability of a 
complex ion. In common with many experimentalists, 
I cannot help feeling that we have everything to gain 
by attaching a material conception to a quantity of 
caloric as the natural measure of a quantity of heat as 
opposed to a quantity of heat energy. In the time at 
my disposal I could not pretend to offer you more than 
a suggestion of a sketch, an apology for the possibility 
of an explanation, but 1 hope I may have succeeded 
in conveying the impression that a caloric theory of 
heat is not so entirely unreasonable in the light of 
recent experiment as we are sometimes led to imagine. 


NOTES. 

Dr. G. T. Beilby, F.R.S., has been appointed a 
member of the Royal Commission on Oil Fuel in suc¬ 
cession to the late Dr. H. Owen Jones. 

The death is announced, at eighty years of age, of 
Prof. T. Gomperz, of the University of Vienna, dis¬ 
tinguished by his studies in philology and philosophy, 
and well known by his work “Greek Thinkers,” of 
which an English translation appeared several years 
ago. 

As previously announced, the autumn meeting of the 
Institute of Metals will be held in London on Wednes¬ 
day and Thursday, September 25 and 26. The follow¬ 
ing are among the papers that are expected to be 
submitted :—Autogenous welding by means of oxygen 
and acetylene of copper and its principal alloys, and of 
aluminium, Prof. F. Carnevaii; the effect of other 
metals on the structure of the beta constituent in 
copper-zinc alloys, Prof. H. C. H. Carpenter; the 
effect of temperatures higher than atmospheric on 
tensile tests of copper and its alloys, Prof. A. Iv. 
Huntington; the influence of oxygen on the proper¬ 
ties of metals and alloys, E. F. Law; the annealing 
of coinage alloys, Dr. T. Kirke Rose; intercrystalline 
cohesion in metals (with an appendix on the formation 
of twinned crystals in silver), Dr. W. Rosenhain and 
D. Ewen; oxygen in brass, Prof. T. Turner. 

We regret to announce that Prof. T. Winter, pro¬ 
fessor of agriculture in University College of North 
Wales, Bangor, died on Sunday, September 1, at 
forty-six years of age. Prof. Winter was educated at 
Darlington Grammar School and Edinburgh Univer¬ 
sity, where he graduated in arts. He afterwards 
became assistant lecturer on agriculture at the Uni¬ 
versity College of North Wales. Later he was ap¬ 
pointed lecturer in agriculture at the University of 
Leeds; and in 1894 he returned to the University 
College of North Wales as head of the agricultural 
department. He took an active part in agricultural 
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